Polyploidization and subsequent sub-and neofunctionalization of duplicated genes represent a major mechanism of plant genome evolution. Capsella bursa-pastoris, a widespread ruderal plant, is a recent allotetraploid and, thus, is an ideal model organism for studying early changes following polyploidization. We constructed a high-quality assembly of C. bursa-pastoris genome and a transcriptome atlas covering a broad sample of organs and developmental stages (available online at http://travadb.org/browse/Species=Cbp). We demonstrate that expression of homeologs is mostly symmetric between subgenomes, and identify a set of homeolog pairs with discordant expression. Comparison of promoters within such pairs revealed emerging asymmetry of regulatory elements. Among them there are multiple binding sites for transcription factors controlling the regulation of photosynthesis and plant development by light (PIF3, HY5) and cold stress response (CBF). These results suggest that polyploidization in C. bursa-pastoris enhanced its plasticity of response to light and temperature, and allowed substantial expansion of its distribution range.
INTRODUCTION
Polyploidization and subsequent sub-and neofunctionalization of duplicated genes, as well as the loss of genes, represents a major mechanism of plant genome evolution. The common ancestor of eudicots was a hexaploid (Jaillon et al., 2007) , and multiple lineage-specific whole-genome duplication (WGD) events have also been identified in different lineages of flowering plants (Yu et al., 2005; Tomato Genome Consortium, 2012) . Polyploidy is common in cultivated species, including wheat (Triticum aestivum), corn (Zea mays), cabbage (Brassica oleracea) and cotton (Gossypium hirsutum), and its consequences have been well documented due to their agricultural importance (Yang et al., 2016) . However, this information cannot be directly applied to studies of wild species because the evolution of cultivated species is biased, due to artificial selection and breeding.
Capsella bursa-pastoris, a widespread cruciferous weed, is a promising system for non-biased studies of the early effects of polyploidization (Han et al., 2015) , as well as other aspects of plant evolution Nutt et al., 2006) . Its origin has been long debated (Slotte et al., 2006; St Onge et al., 2012) , but it was recently shown to be an allotetraploid with two progenitors: Capsella rubella/ grandiflora and Capsella orientalis (Douglas et al., 2015) .
Due to the recent polyploidization and very low level of divergence between subgenomes, accurate whole-genome assembly for this plant is challenging. Only~40% of currently available C. bursa-pastoris genome sequence assembly is represented by two homeologous sequences (Douglas et al., 2015) ; such pairs are likely overrepresented among highly divergent sequences, also they may contain assembly errors, as they were not corrected for misassemblies or filtered. However, the genome of a closely related species, C. rubella, is well characterized, and assembled at the chromosome-scale resolution (Slotte et al., 2013) , this enables evolutionary analysis using mapping onto the C. rubella genome. This is a widely accepted approach for species where a reference genome is not available, but where a genome sequence is available for a closely related species (Benjamin et al., 2014) . Still, there are several limitations to this approach, especially in the case of polyploid species, when it must be coupled with phasing of subgenomes. These limitations are especially critical for analyses of regulatory elements that lie outside of coding regions, are short and divergent, and cannot be reliably aligned.
In the current study, we took advantage of a more stringent approach than is often used, including assembly evaluation, filtering of potentially misassembled regions, and further validation and correction using segregation analysis. This allowed us to reconstruct sequences of subgenomes separately, and to accurately assess the expression of homeologs and divergence of regulatory elements in proximal promoters. To investigate the diversity of gene expression profiles in C. bursa-pastoris in the context of polyploid genome evolution, we performed genome-scale expression analysis using RNA-seq profiling. In order to maximize the representation of expressed genes, we generated two datasets: the first was focused on development and included 10 organs and stages (flower, seed, root, apical meristem and different leaf parts); and the second focused on stress (cotyledons of 1-day-old seedlings grown at +4°C for 3, 15 or 27 h; for full list of samples, see Table S1 ).
RESULTS AND DISCUSSION

Genome assembly, validation and annotation
Genome sequencing was performed using Illumina HiSeq (100 bp paired end reads) and MiSeq (250 and 300 bp paired end reads) platforms. To obtain a high-quality assembly, we developed a multi-step pipeline that included several stages of validation (Figures S1 and S2) . First, we assembled overlapping MiSeq reads (262 bp and 310 bp paired-end, resulting in 55 863 490 single reads with an average length of 490 bp) into contigs using Newbler (full statistics of sequence data are shown in Table S2 ). This assembler was initially developed for 454 pyrosequencing data, which typically comprise 400-800 bp single end reads, and so the software is also effective for merged Miseq reads (Ibarra-Laclette et al., 2013) . This analysis generated 16 755 contigs (with contig length cut-off 1000 bp) with an N50 of 37 956 bp, and the total consensus of the assembly length was 252 309 672 bp (Table S3a) . This is almost twice the size of the current C. rubella genome assembly (Slotte et al., 2013) , which would be expected for a tetraploid. This is, however,~40% lower than estimates of genome size for C. bursa-pastoris based on cytofluorimetry (Johnston, 2005; Wesse et al., 2016) as well as our estimates based on k-mer analysis (~410 Mb). The same is characteristic for C. rubella, where genome size is estimated as 224 Mb (Johnston, 2005) and assembly length is 134.8 Mb. The main reasons for this discrepancy are the collapsing of multi-copy regions and removal of short (less than 1000 bp) contigs. Notably, the majority (60%) of multi-copy contigs are at the same time shorter than 1000 bp (Table S3b) . Because our study is focused on the evolution of homeologous genes, their expression and regulation, the exclusion of multi-copy genome fraction and short sequences, which are not expected to contain complete gene sequences, is not expected to bias the results. The contigs retained for further analysis may, however, contain chimeric regions because the homeologous chromosomes of C. bursa-pastoris have regions of high similarity, and such regions are expected to collapse into one sequence. Thus, the contig sequences were further evaluated using ALE software, which analyses read alignments to the assembly, taking into account read orientation, the quality of the alignment and coverage, and has proven effective for detection of different types of misassemblies (Clark et al., 2013) . The contigs that contained ALE low-scoring regions were split into subsequences. The contigs obtained after ALE-based postprocessing were then checked for the presence of heterozygous single-nucleotide polymorphisms (SNPs) and indels, and contigs with a coverage <40 9 and >70 9 were excluded from the analysis. The contigs were then split again on the basis of this testing and used for scaffolding with mate pair libraries. As a result, we obtained 1935 scaffolds with an N50 of 972 798 bp and, after adding contigs with coverages <40 9 and >70 9 (these contigs were excluded from the scaffolding), this generated an assembly with a total length of 272 825 432 bp. As an independent control for the assembly, we applied the approach of genetic mapping. Genetic maps proved to be useful for validation and improvement of genome assemblies, especially for large and complex genomes (Du et al., 2014; Iorizzo et al., 2016) . We created a mapping population by crossing two C. bursa-pastoris lines (one is that used for genome sequencing) that differ in about 170 000 SNPs and performed genotyping by sequencing of 20 F 2 plants. Then, we analyzed whether markers that are located closely on the physical map (i.e. genome assembly) are also identified as close based on genotyping. The cases of incongruence were considered as misassemblies (for details, see Figure S2) . This analysis confirmed the consistency of the assembly, but also revealed several chimeric scaffolds. The chimeric scaffolds were split, and the resulting final assembly consisted of 8362 scaffolds (N50~627.6 kbp) and spanned 268.7 Mbp, with 85% of the assembly being in 571 contigs. The full statistics of the assemblies created at the different stages of assembly are shown in Table S3 . Gene prediction based on the RNA-seq data and on gene models from Arabidopsis thaliana and C. rubella resulted in 53 502 protein-coding gene sequences, of which 45 591 could be annotated using Gene Ontology (GO), while 1271 had no significant BLAST hits against the NCBI database (e-value >10 À6 ). Gene statistics, including gene and coding sequence (CDS) length, and number of exons, were found to be similar to those of A. thaliana and two other Capsella species (Table S4) , indicating an accurate annotation. For further analysis, the C. bursa-pastoris scaffolds were separated based on their assignment to either the A or B subgenome. The A subgenome is a descendant of the C. rubella/grandiflora lineage ancestor, and the B subgenome from the C. orientalis lineage ancestor (Douglas et al., 2015) . To this end, we first identified pentads of orthologous genes -the sets consisting of genes from C. rubella, C. bursa-pastoris (two genes -from the A and B subgenomes), C. orientalis and A. thaliana (for details, see Figure S3 ). Subsequently, for each pentad we performed a phylogenetic analysis in order to determine which gene of two C. bursa-pastoris homeologs originated from the C. orientalis-like or the C. rubella/C. grandiflora ancestors. For most pentads, we inferred a topology that was congruent with the consensus, where for each pair of C. bursa-pastoris homeologs, one was close to the C. rubella gene and the second to the C. orientalis gene (Figure 1a ). The scaffolds that had >75% of the genes close to the C. rubella/C. grandiflora ancestor were assigned to subgenome A, and those with >75% originating from C. orientalis were assigned to subgenome B. Scaffolds that could not be classified to either subgenome were separated into a third set. As a result, 251 scaffolds were classified as belonging to subgenome A, and 320 scaffolds as belonging to subgenome B, while 7791 scaffolds remained unclassified. In total, 229 966 855 bp of assembly was separated into subgenomes (additional statistics of scaffold separation are shown in Table S5 ), with an N50 of 744 145 bp. Despite the large number of unclassified scaffolds, they spanned only approximately 38 Mbp. In most scaffolds assigned to either subgenome, there were no, or few, genes from the other subgenome (Figure 1b) , indicating that recombination between subgenomes was absent, or minimal. This result is consistent with biochemical data demonstrating that C. bursa-pastoris has disomic inheritance (Hurka et al., 1989) .
Gene expression analysis
In order to investigate the global parameters of C. bursapastoris transcriptome, we performed RNA-seq for 14 samples representing different organs and growth conditions. Thirty-forty-five million 108 bp reads were obtained for each of two biological replicates. The consistency of replicates was assessed using Pearson r 2 correlation scores, and the values varied from 0.91 to 0.99, with a mean of 0.98 (Table S6) . Thus, the expression data were judged to be robust and suitable for further analyses. First, we estimated the number of expressed genes for each sample. A total of 15 036 genes was found to be expressed in all samples, and 30 041 in at least one sample. The meristem sample had the lowest number of expressed genes (18 772), and the root sample the highest (24 380). Each sample had almost equal numbers of expressed genes from subgenome A and B (9386 and 9386 genes for homeologs A and B, respectively, in the meristem sample; and 12 187 and 12 193, respectively, in the root sample). For approximately 95% of the homeolog pairs, both genes were expressed, while no expression was detected for 1731 homeologs from subgenome A or for 1718 from B (Table 1 ). The number of samples in which each gene was expressed was calculated, and we found that most genes were expressed in all, or almost all (≥11), samples. In addition, we identified a number of genes with narrow expression patterns (i.e. expressed only in one or two samples). This distribution was similar for homeologs A and B (Figure 2a) . Thus, there appeared to be no differences between subgenomes in the number of expressed genes or the overall expression patterns. Homeologs showed highly concordant expression (Pearson r 2 correlation of expression values ranged from 0.8 in meristems to 0.9 in the leaves; Table S7 ). We examined the differential expression between all pairs of developmental samples. The number of differentially expressed (DE) genes varied from 2311 between the meristem and the leaf petiole sample, to 18 272 between the anther and the root sample. The distances between samples, based on the numbers of DE genes, demonstrated great diversity in the samples of the developmental dataset (Table S8) . Next, the DE scores were calculated, which correspond to the number of pairwise comparisons in which a gene is DE (Klepikova et al., 2016) . A total of 30 028 genes (89% of the total gene number) had a DE score >0, and the maximum DE score was 41. The distribution of DE scores was similar for A and B homeologs ( Figure 2b) ; however, the number of pairs that showed complete agreement in expression patterns (i.e. in all comparisons both homeologs were either DE or not DE) was low (679). The main class (10 165 pairs) showed concordant expression (i.e. were either DE or not DE) in some comparisons, but discordant (i.e. only homeolog A is DE, or only homeolog B is DE) in others. The number of pairs that showed only discordant expression (i.e. in all comparisons only A or only B homeologs were DE) was also very low (541 for the A subgenome and 551 for B). The Pearson r 2 correlation for the DE score of A and B homeologs was 0.65 (Figure S4) . For the stress series, all cold-treated samples (3, 15 and 27 h of +4°C exposure) were compared with each other and with the control sample. The number of DE genes varied from 3270, between the 3-h cold sample and the control, to 8790 between the 27-h cold sample and the control (Table S9 ). The total number of genes that showed changes in expression in any of the stress samples was 14 596 (7285 from subgenome A and 7311 from subgenome B). We found a high degree of concordance of expression changes between genes from different subgenomes as well as between C. bursa-pastoris and A. thaliana. In particular, in A. thaliana, the exposure to cold leads to rapid changes in gene expression of large group of genes, called COR (cold-regulated; Park et al., 2015) . Out of 1322 homeologs of COR genes found in C. bursa-pastoris, 792 pairs of homeologs have one-to-one correspondence with A. thaliana genes and most of them are also activated in response to cold (652 from subgenome A, 660 from subgenome B).
In general, the global transcriptome parameters were similar in C. bursa-pastoris for both the total set of genes and the subgenome sets and A. thaliana (Klepikova et al., 2016) , showing no appreciable silencing of either subgenome or any other distortions of expression patterns (e.g. 'transcriptomic shock'). This is congruent with previous findings that transcriptome shock occurs immediately after hybridization and is rapidly stabilized in subsequent generations (Hegarty et al., 2006; Zhang et al., 2016a,b) .
Despite the high degree of concordance in expression levels of homeologs, we identified some pairs that showed different expression patterns. There are two main factors that might determine such discordance. First, as C. bursapastoris is a hybrid between different, though closely related, species, the expression levels of some orthologous genes were different in these species and so their discordant expression might be a 'legacy' retained from diploid progenitors (Buggs et al., 2014) . The second explanation is that the differences in expression are the result of divergence in the regulation of homeologs. In either case, these (a) Topology of a phylogenetic tree that corresponds to most gene pentads. Cbp1 and Cbp2, C. bursa-pastoris subgenomes; Cr, Capsella rubella; Co, Capsella orientalis; Ath, Arabidopsis thaliana. (b) Scatter plot displaying grouping of genes in scaffolds (contigs) with genes of C. bursa-pastoris ancestor species. Each point in the scatter plot denotes the scaffold (contig) assigned to either the A (purple) or B (green) subgenome. Note that scaffolds (contigs) assigned to subgenome A show no, or few, genes that are grouped with C. orientalis and vice versa.
genes are of great interest as potential targets for investigating functional divergence between A and B subgenomes. To gain a deeper understanding of dissimilarities in expression between homeologs, pairs that were differentially expressed relative to each other (here and further 'DEAB genes') were identified. Despite a similar number of expressed genes in the different samples, the number of DEAB genes differed greatly between samples. The smallest number of DEAB genes was found in mature seeds (SD; 418) and the greatest number in sepals (SP; 2880; Table 2 ). To characterize the extent of differential expression between homeologs, we calculated a DEAB score as the number of samples in which homeologs were DE relative to each other. In the developmental dataset, 7376 pairs of homeologs (44% of the total number of pairs) were DE in at least one sample (i.e. have a DEAB score ≥1.0). The expression of most homeologs showed the same pattern of change in all samples where they were DE: in 3274 pairs homeolog B was downregulated compared with homeolog A at least in one sample; and in 3235 it was upregulated. Only 867 pairs of homeologs showed an opposite pattern of expression in two or more samples (Figure 2c ). The distribution of DEAB scores was similar for down-and upregulated genes ( Figure S5 ), indicating no asymmetric silencing of the subgenomes. Discordant expression was not confined to any specific group of genes, as the up-and downregulated genes did not have any enriched GO categories. We found that the distribution of DEAB scores for those genes that change their expression in response to cold stress (14 596 genes, see above) does not significantly differ from that of the total set of genes, indicating that these genes have not undergone a more rapid divergence of expression patterns. This result contrasts with several previous studies showing that differential expression of homeologs is more typical for stress-related genes (Zhang et al., 2016a,b) , and shows that preferential divergence of expression patterns of stress-related genes is likely not universal across polyploid species. For the genes with mixed DEAB scores (i.e. those where homeolog A was downregulated in some samples and upregulated in others), GO enrichment analysis showed overrepresentation of categories such as 'cytochrome P450', 'oxygen binding' and 'heme' (Table S10) . Among all cases of discordant expression, examples where only one homeolog was expressed, or had significantly higher expression than its partner, were more frequent. Given that we sampled a wide range of organs and conditions, the absence of detectable expression patterns of only one homeolog is a strong indication of loss of function. In more rare cases, both homeologs had detectable, but different, expression levels in different plant organs, which is indicative of subfunctionalization or neofunctionalization. identified~15% of the genes (Douglas et al., 2015) , while the other two focused on differential expression between accessions and did not distinguish the expression of homeologs (Slotte et al., 2007; Kryvokhyzha et al., 2016) . Duplicate genes are targets for sub/neo/non-functionalization, and to infer these processes in C. bursa-pastoris it is necessary to separate the homeologs. For example, FLOWERING LOCUS C (FLC) is a key regulator of flowering in A. thaliana, and the studies by Slotte et al. (2009) suggested that only one of two FLC homeologs in C. bursa-pastoris has retained this function, while the other has undergone non-functionalization. Our data indicate that in all samples the expression of homeolog A is significantly decreased compared with homeolog B, being from 4 to 25% of the expression level of homeolog B. This supports the hypothesis on non-functionalization of the homeolog A. The results of the C. bursapastoris expression analysis are presented in a new database, CbpTraVA (Transcriptome Variation and Analysis, available at http://travadb.org/browse/Species=Cbp). This database has an interface and functions that are similar to our recent A. thaliana RNA-seq development transcriptome database TraVA (Klepikova et al., 2016) , but with a focus on differential expression of homeologs. The CbpTraVA database lists the profiles of 26 246 genes that were represented by both homeologs, from the 14 samples. For each gene pair, the expression data are represented as either raw read number or as a fraction of the maximum expression value. If we observed a significant difference between the expression of homeologs in either sample, the fold change values are reported (Figure 2d ). All expression data are available for export in a table format.
Analysis of regulatory elements
Differential expression of homeologs can, at least partially, be explained by inherited differences in expression from the ancestral genotypes (Douglas et al., 2015) . However, the differences that emerge after polyploidization are the most interesting in that they require an asymmetric evolution of regulatory elements. Figure S6 ), but here we focus on the four described cases, which are more easily interpreted and are statistically supported due to a higher number of observations. Considering these cases in the context of expression of homeologs, we found that asymmetry-by-gain was significantly enriched for promoters of DEAB genes (P < 0.05 to P < 10 À5 depending on the motif finding settings, see
Experimental procedures and Table S11), for both developmental and cold-stress datasets. Enrichment by asymmetry-by-loss was of lower significance (P < 0.05 to P < 10 À4 ).
The control cases of symmetry-by-gain or loss were mostly underrepresented in the promoters of the DEAB genes, although with lower significance (P < 0.05 only for particular motif finding settings). Next, separately for each binding motif, the level of asymmetry in the subgenomes was assessed by considering the number of <A+,BÀ> and <AÀ,B+> cases versus <A+,B+> and <AÀ,BÀ> and compared with the DEAB genes versus non-DEAB. We then selected the motifs displaying significant asymmetric presence in the promoters of DEAB genes [corrected P-value (A,B) < 0.05]. Finally, these motifs were assessed for relative proportions of asymmetry-by-loss and asymmetry-by-gain cases between the promoters of DE and non-DE genes (Figures 3 and S7) . Indeed, for these motifs the promoters of the DEAB genes displayed higher relative asymmetry and lower relative symmetry rates. Taken together, these data highlight the specific asymmetries in regulatory patterns between orthologous promoters of subgenomes A and B. Notably: (1) these asymmetries cannot be explained by inherited differences between ancestor genomes; and (2) some of them are specific to genes from the developmental or the stress datasets. Among stress-related DEABs, there were two notable observations. On the one hand (Figure 3 , right panel), we detected abnormally high asymmetry-by-gain of binding sites for multiple members of the CBF family, which directly highlights the flexibility of the polyploidization allowing to integrate only one of two homeologs into the particular stress-response gene network. On the other hand ( Figure S7) , there was prevalent asymmetry in binding sites for transcription factors controlling different aspects of interaction of plants with light (e.g. flowering initiation and regulation of photosynthesis). For example, TOE1 and TOE2 inhibit flowering by interaction with CO; in particular, TOE1 counteracts the activation of flowering promoting gene FT by CO (Zhang et al., 2015) . Another example is PIF3, a transcription factor that interacts with phytochromes (Ni et al., 1998) , controlling responses to changes in red and far-red light intensities, in particular during etiolation and elongation growth in the dark. This response is critical during germination, when the switch from heterotrophic to autotrophic growth takes place, and also for shade avoidance and adjustment of growth to diurnal dark\light changes (Soy et al., 2012, p.3) . Notably, the regulatory elements of a transcription factor, HY5 (STF1), one of the key regulators of photomorphogenesis, are also asymmetric in the promoters of DEAB genes. HY5 promotes seedling de-etiolation, by acting antagonistically to PIF3. Its product physically interacts with PIF3, controlling the expression of reactive oxygen species-responsive genes (Chen et al., 2013) . HY5 also interacts with MYB111 (Stracke et al., 2010) , another transcription factor with regulatory elements that are significantly asymmetric in the promoters of the DEAB genes. This suggests that many changes in regulatory elements that target the same genetic network occur after WGD. We hypothesize that in C. bursa-pastoris, a more complex and flexible network controlling the response to light and low temperature is evolving due to subfunctionalization of the corresponding genes. This enhanced adaptation to different environmental conditions has allowed this species to greatly expand its distribution range.
CONCLUSION
A comprehensive analysis of the evolution of polyploid species is key to understanding the diversity of flowering plants. The allotetraploid, C. bursa-pastoris, is an ideal model for studying the early consequences of polyploidization under natural conditions. For many types of analysis, in particular those related to the expression and regulation of homeologous genes, accurate assembly of individual subgenomes is critical. Despite great progress in DNA sequencing technologies, this can still be challenging. We present here a high-quality assembly for C. bursa-pastoris with a multi-step validation and correction, using genetic linkage data, which ensured the separation of subgenomes. Based on this assembly, we performed a genomewide analysis of gene expression focusing on homeologs with discordant expression. The expression analysis data are summarized in a publicly available database. We showed that one of the key changes in this early polyploid genome is the loss and emergence of new regulatory elements. Asymmetric gain and loss events are enriched in the promoters of discordantly expressed homeologs, suggesting that these events are a driver of differential expression of homeologs. The genes that show the highest enrichment in gain and loss are associated with many developmental processes, primarily response to light. We hypothesize that differential regulation of homeologs might be an evolutionarily valuable trait that has allowed C. bursa-pastoris to adapt to a variety of environmental conditions and to expand its distribution.
EXPERIMENTAL PROCEDURES Plant growth and sample collection
Seeds of progeny of single C. bursa-pastoris plant were kept on 1/2 vermiculite:soil at 4°C for 7 days, and grown in a climate chamber (Pol-eko Aparatura, Poland) under long day (16 h light/ 8 h dark cycle) conditions at 22°C and 50% relative humidity, using Philips Master TL5 HO 54W/840 lamps as the light source. Samples for expression analysis (Table S1 ) were harvested after 10-11 h Zeitgeber time (ZT) in two biological replicates (each replicate consisted of 15 individuals). Dissected material was fixed in RNAlater (Qiagen, Venlo, the Netherlands).
For the stress treatment, plants were grown under the same conditions, but without vernalization. Cotyledons without petioles (two biological replicates with 15 plants in each) were dissected from 1-day-old seedlings at 10-11 ZT as control samples. Independently grown 1-day-old seedlings were grown +4°C in a climate chamber for 3 or 27 h. Samples were collected at 10-11 h ZT to avoid circadian effects.
Plants for the segregation analysis were grown in a growth room at 21-23°C. Parental plants were two unrelated lines of C. bursa-pastoris: the line 'lel' was chosen as the maternal plant; and the line 'msu-wt' (sibling of the plant used for genome sequencing) as the paternal plant.
DNA extraction and sequencing
DNA was extracted from fresh leaves using the CTAB method (Doyle and Doyle, 1987) . Shotgun libraries for genome assembly were prepared using the TruSeq DNA sample preparation kit (Illumina, San-Diego, CA, USA) with the following modifications: agarose gel-based size selection involved fragments of 400-500 (library Cbp500) and 500-600 (library Cbp600) bp in length after end repair and final size selection after polymerase chain reaction (PCR) and purification on Ampure beads (Beckman-Coulter, Brea, CA, USA). Library concentration was estimated using quantitative (q)PCR; 10 pM libraries were sequenced on a Miseq (Illumina) with a read length of 262 (Cbp500) and 310 (Cbp600) from both ends of the fragments. Libraries for segregation analysis were prepared using the NEBNext Ultra II DNA sample preparation kit (New England Biolabs, Ipswich, MA, USA) and sequenced on a HiSeq2000 (Illumina) with a read length of 101 bp from both ends. For mate pair library preparation, we used the Nextera Mate pair sample preparation kit (gel plus protocol). Four insert lengths were selected: 3, 5, 7 and 10 kb. Mate pair libraries were sequenced on a HiSeq2000 with a read length of 101 bp from both ends.
RNA extraction and sequencing
Total RNA extraction was performed using the RNeasy Plant Kit (Qiagen, Venlo, the Netherlands) following the manufacturer's protocol. Illumina cDNA libraries were constructed with the TruSeq RNA Sample Prep Kit v2 (Illumina) following the manufacturer's protocol. Sequencing of the cDNA libraries was performed using an Illumina HiSeq2000 with a 108 bp read length.
Genome assembly and validation
Miseq reads were merged using the FLASH software (Magoc and Salzberg, 2011) with default parameters. Merged reads from two Miseq libraries were assembled into contigs using Newbler v. 2.6 (Roche, Basel, Switzerland), with the parameters '-mi 98 -ml 150 -long -l 1000'. The ALE software (Clark et al., 2013) was used to check correctness of contig assembly. First, Miseq reads were mapped back to the assembly using the CLC Genomics Workbench v. 7.5.1 (CLC Bio, Aarhus, Denmark) software (only unique mapping allowed, % of length aligned = 100, similarity fraction = 99%). The resulting SAM file was then loaded into the ALE software. Following ALE analysis, the following metrics were assessed: 'depth', 'depth like', 'placement' and 'k-mer'. For each metric and each contig, mean and standard deviation values were determined. Regions where at least one of the values exceeded three times the standard deviation were marked as unreliable and excluded from the assembly. Among the resulting contigs, all those >1000 bp in length were retained for further analysis. Based on the mapping of the Miseq reads on these contigs, a SNP calling procedure was performed using the CLC Genomics workbench. Because C. bursa-pastoris self-pollinates, we expected a low level of heterozygosity, and the occurrence of heterozygous SNPs might indicate misassembly caused by subgenome sequences collapsing into one sequence. To check this, all contigs were aligned against each other using blastn with default parameters. Based on these alignments, regions that contained heterozygous SNPs and did not have any significant blastn hits were excluded from the assembly using an in-house made script. Contig coverage was calculated using the CLC Genomics workbench software, and contigs with a coverage <40 9 and >70 9 were not used for scaffolding. The resulting set of contigs with a coverage >40 9 and <70 9 were scaffolded using the Platanus software (Kajitani et al., 2014) , with the parameter '-l 3'. Scaffolds and contigs with coverages <40 9 and >70 9 formed the first version of the assembly.
To verify the consistency of the assembly, reads from 21 samples (F 2 + one F 0 plant) were mapped onto the first version of the assembly using CLC aligner from the CLC Genomics workbench software package (mapping parameters -only unique mapping allowed, % of length aligned = 100, similarity fraction = 98%). The F 0 sample was SNP called using an in-house made script. Each position with homozygous single nucleotide variants covered by more than 9 reads, and by reads from forward and reverse strands, was marked as a SNP. As F 2 plants were sequenced with shallow coverage, only positions that had a SNP in the F 0 sample were considered (~170 000 markers). For SNP calling we required the presence of the SNP in at least two independent reads. Due to shallow coverage, we may have undercalled heterozygous SNPs (Nielsen et al., 2011) . To distinguish true homozygous SNPs from heterozygous SNPs in the cases where we could not detect the other allele due to low coverage, and to correct these cases, we used the following pipeline.
(i) All markers located within a 150 000 bp window between two heterozygous markers were converted to heterozygous. (ii) In cases where a region that contained a mix of heterozygous and homozygous markers of both parents was placed between the region containing heterozygous markers and the region containing homozygous markers of one of the parents, all markers within this region were converted to heterozygous. (iii) In cases where three or fewer consecutive markers closest to the end of a scaffold were homozygous, and four or more were heterozygous, then all markers closest to the end of the scaffold were converted to heterozygous. (iv) If, within a 500 000 bp window, at least the nine outermost markers from each end of the window were heterozygous, all markers between them were converted to heterozygous. Processed sets of markers were scanned in a 10 000 bp window. Given the typical size of centimorgan in plants, which is hundreds of kilobases (estimates for A. thaliana -217 kb; M ezard, 2006), the probability of occurrence of two (or more) recombination events in a 10-kb window is negligibly small. Thus, we screened our scaffolds/contigs for recombination events, in cases where we observed two or more recombinations in a window the sequence corresponding to that window was considered a chimeric region. To do this, for each window placement, a special distance metric was counted. If a window contained only markers with identical zygosity, distance was considered equal to 0. If a window contained the transition from homozygous markers to heterozygous and back, the distance was increased by 1. If a window contained the transition from homozygous markers of one type to homozygous markers of another type, the distance was increased by 2. If the total distance value of 20 F 2 plants was >2 for the current placement of a window, the sequence corresponding to that window was excluded from the scaffold (contig). New sets of scaffolds and contigs were used to form the final assembly.
Annotation
Gene prediction for C. bursa-pastoris was done using Augustus v.3.0 (Stanke et al., 2006) with and without hints from RNAseq data and with species model for A. thaliana was used to generate initial set of gene models. RNA reads were mapped with STAR v2.4 aligner (Dobin et al., 2013) , alignment file was processed to prepare splice site hints for Augustus. Exonerate and blastx were used to obtain models for C. rubella homeologs with significantly high sequence similarity. Score was assigned to each gene model to indicate how well it fits to RNAseq data and BLAST against NCBI non-redundant protein database. Best models for each locus were selected. The C. orientalis genome assembly was obtained from Agren et al. (2014) . Annotation of the C. orientalis genome was also performed using Augustus with the following parameters: '-species=arabidopsis -strand=both -genemodel=complete'. Annotation of C. rubella was taken from Phytozome (Goodstein et al., 2012) portal.
Construction of pentads of orthologous genes
Pentads of orthologous genes were constructed using a two-stage procedure ( Figure S3 ). At the first stage, a BLAST (Camacho et al., 2009 ) search was performed on five gene sets (C. bursa-pastoris genes against themselves, C. bursa-pastoris against C. rubella, C. bursa-pastoris against C. orientalis, C. bursa-pastoris against A. thaliana, C. rubella versus C. orientalis, C. rubella against A. thaliana, C. orientalis against A. thaliana). Each pair of genes corresponding to query and hit was then aligned by a global aligner, based on the BioPython realization of the NeedlemanWunsch algorithm (Cock et al., 2009) . For each gene, the identity was inferred from the alignments with all its hits, and the pair of genes that had the highest identity was considered as orthologs (or homeologs in case of search of C. bursa-pastoris genes against themselves). To form triplets of orthologous genes, the C. rubella gene was added to the C. bursa-pastoris gene pair if it was the ortholog for both genes in the pair. Quadruplets of orthologous genes were formed in a similar way, by adding the C. orientalis gene to the triplet. Pentads of homologous genes were created by adding A. thaliana genes to the quadruplets in a similar way; a certain gene was added if it was the ortholog of C. rubella, C. orientalis and C. bursa-pastoris genes. If the same A. thaliana, C. rubella or C. orientalis genes were included in two or more pentads, such pentads were excluded from the set.
Assignment of scaffolds and genes to subgenomes
Because C. rubella and C. orientalis are the closest extant species to diploid progenitors of C. bursa-pastoris, in order to separate scaffolds by subgenomes we separated C. bursa-pastoris genes based on their phylogenetic relationships with C. rubella and C. orientalis orthologs. To build phylogenetic trees, multiple alignments of gene sequences from the pentads were calculated by Muscle with default parameters (Edgar, 2004) . Trees were built by RaXML (Stamatakis, 2014) with 100 bootstrap replicates for each pentad. Capsella bursa-pastoris genes that were grouped with C. rubella orthologs were considered as genes belonging to subgenome A (A* genes), and genes that were grouped with C. orientalis orthologs were considered as genes belonging to subgenome B (B* genes). The remaining genes were marked as unclassified (U genes). Pentads corresponding to trees that had nodes with a bootstrap support <70% were excluded from further analyses. For each scaffold, the number of A* genes, B* genes and unclassified genes was counted. If the proportion of A* genes from all the classified genes in a scaffold was ≥75% it was classified as a subgenome A scaffold, and if the proportion of A* genes from all the classified genes in a scaffold was ≤25% it was classified as a subgenome B scaffold. The scaffolds that did not meet either of these criteria were designated as unclassified.
For further analysis, all genes from subgenome A scaffolds were designated as genes from the A subgenome (A genes), genes from subgenome B scaffolds were designated as genes from the B subgenome (B genes), and genes on unclassified scaffolds were designated as unclassified. After assignment of scaffolds to subgenomes, we reiterated the procedure of formation of pentads of orthologous genes in a way similar to described above but with two modifications. First, not total C. bursa-pastoris gene set was searched against itself and other species, but the sets of A genes and B genes separately. Second, in the results of BLAST searches between and A and B genes and C. rubella, C. orientalis and A. thaliana genes we considered only reciprocal best hits. This added 896 pentads.
Gene expression analysis
Homeologous genes may differ in length due to true evolutionary divergence or errors in annotation, which potentially distorts expression level estimation. To overcome this problem we created a custom reference transcriptome that included only those regions of homeologous genes that were aligned without including indels. RNA-seq reads were mapped onto this reference using the CLC Genomics workbench with the following parameters: only unique mapping allowed, % of length aligned = 100, % of mismatches = 1. Read counts corresponding to different subsequences of a gene were calculated. The sum of read counts from the subsequences of a gene was taken as the read count value of this gene ( Figure S8 ). Read counts were normalized by size factor to correct for bias due to different library sizes (Anders and Huber, 2010) . A gene was identified as expressed in a certain sample if it had five or more read counts in both replicates of this sample.
Differential expression was analyzed using the R package 'DESeq2' (Love et al., 2014) , with a false discovery rate (FDR) of 0.05 and a fold change of 2. The DE score was defined as the number of comparisons in which a given gene was DE between two samples. For analysis of DE of paralogs (DEAB genes), read counts of genes from subgenome A were compared with those of subgenome B for each pair of paralogs. The DEAB score corresponds to the number of comparisons where a gene from genome B was DE compared with a gene from genome A in a pair of paralogs.
GO enrichment analysis DAVID 6.7 was used for GO analysis and other annotations, such as key words or protein domain enrichments, in the gene lists with a FDR threshold of 0.05 and a fold enrichment of 2 (Huang et al., 2009a,b) .
Extraction of promoter sequences
The proximal promoters were defined as 500 bp upstream from the translation start sites (start codons). A median 5 0 UTR length in plants is approximately 100 bp (Aoki et al., 2010) , thus the selected segments encompass the transcription start sites (TSSs) for most genes as [À400;+100], which is often considered as a proximal promoter for motif analysis in higher eukaryotes (Forrest et al., 2014) . Regions downstream of the TSSs can also include regulatory transcription elements (Mironova et al., 2014) , and thus it makes sense to consider both the upstream and downstream TSS elements. We examined the promoters of genes that were differentially expressed between the A and B subgenomes (DEAB) as well as those that were not (non-DEAB). We prepared separated sequence sets for the C. bursa-pastoris subgenomes and for the corresponding orthologs from C. orientalis and C. rubella, resulting in eight sequence sets in total. Only genes with orthologs in all three species (quadruplets, see above) were chosen for subsequent analysis. The non-DEAB genes were considered as non-DEAB genes from both the development series and the stress series. Overall, we identified 4310 upstream sequences for the DEAB gene set and 5553 upstream sequences for the non-DEAB gene set. To avoid artifacts due to unclosed gaps in the genome assembly, we excluded genes where any of the orthologous promoters included 10 or more Ns (e.g. if a gene was located close to the end of a contig). We observed no specific difference in GC composition of the DEAB and non-DEAB genes, or between orthologous promoters from different subgenomes (~33% GC content for all the resulting sequence sets).
Prediction of regulatory elements
To predict regulatory elements in silico, we used four collections of regulatory DNA motifs recognized by plant transcription factors: (1) consensus sequences from AGRIS AtcisDB (Yilmaz et al., 2011) , 91 motifs; (2) position matrices from JASPAR CORE Plantae (Mathelier et al., 2016) , 67 motifs; (3) position matrices from AthaMap (Hehl and B€ ulow, 2014; Hehl et al., 2016) , 176 motifs; 872 position matrices from the recent DAP-Seq data (O'Malley et al., 2016) . Duplicated patterns (if any) within each collection were excluded. The AtcisDB consensus sequences were converted to weight matrices with fixed weights and thresholds allowing a single substitution from the consensus. JASPAR, AthaMap and DAPSeq matrices were converted to log-odds PWMs as in Kulakovskiy et al. (2010) . For each promoter sequence, we detected the presence of a given regulatory pattern if the highest scoring hit of the position weight matrix passed the given threshold. The score thresholds for motif finding were estimated by MACRO-APE (Vorontsov et al., 2013) for two motif P-values: 0.0001 (strict, 1 expected motif occurrence per 10 000 bp of a single-stranded sequence with uniform nucleotide composition) and 0.0005 (relaxed, 5 expected motif occurrences per 10 000 bp of singlestranded sequence). Motif finding was performed using SPRY-SARUS (Kulakovskiy et al., 2016) . All the motifs and pre-estimated thresholds are provided as supplementary data.
Construction of a non-redundant motif collection
To estimate the general features of motif asymmetry, an overall test covering all known motifs was necessary. To this end, we constructed two non-redundant motif collections: one for JASPAR + AthaMap and one for DAP-Seq motifs. DAP-Seq motifs collection was the most comprehensive and based on a single type of experimental data, thus we processed it separately to ensure reproducibility of the results. We did not include consensus sequences from AtcisDB as their predictions are the least reliable. The procedure was as follows. First, we estimated the pairwise similarities for motifs with MACRO-APE (Vorontsov et al., 2013) . We then iteratively removed the most similar motif (i.e. the motif with the highest summary similarity aggregated over all other motifs). This process stopped once the two closest motifs in the remaining set had a similarity lower than the given threshold. MACRO-APE uses the Jaccard similarity measure, which is defined for given PWM thresholds. We used two similarity levels: 1 and 5% (i.e. when only 10 or 5% of pattern occurrences were mutually recognized by two comparing motifs). We repeated the procedure for two motif P-value thresholds (strict 0.0001 and relaxed 0.0005), resulting in eight collections of non-redundant dissimilar motifs. JASPAR + AthaMap: 56 motifs (P-value = 0.0005, similarity <5%), 77 motifs (P-value = 0.0001, similarity <5%), 83 motifs (P-value = 0.0001, similarity <10%), 99 motifs (P-value = 0.0005, similarity <10%). DAP-Seq: 81 motifs (P-value = 0.0005, similarity <5%), 105 motifs (P-value = 0.0001, similarity <5%), 138 motifs (P-value = 0.0001, similarity <10%), 110 motifs (P-value = 0.0005, similarity <10%).
Assessing promoter asymmetry in descendant subgenomes
We do not know the exact locations of TSSs, thus, in this study, we considered only the presence of a motif in a given promoter sequence but not a particular location of a given pattern. The positive prediction rates of the sequence motifs may vary between ancestor genomes for various reasons (e.g. quality of promoter sequence assembly). Furthermore, even for random substitutions, the raw numbers of motif gain and loss events depend on particular motifs and sequence composition. To eliminate statistical biases, we took the following approach: (1) aggregated motif gain or loss event counts for the two subgenomes (each compared with its ancestor genome); (2) assessed the rates of regulatory element changes in DEAB gene promoters versus the respective values estimated in non-DEAB gene promoters. This highlighted motif changes specifically related to subgenome specification among the general sequence perturbations that also affect motif composition, but that are not directly linked with gene expression regulation (e.g. reflect peculiarities of genome assembly).
There are three primary types of events that can be observed on a given quadruple of orthologous promoters ( Figure S6 ). We focused on gain and loss of asymmetry and symmetry as those types of events are the most frequent and provide enough statistical power (see Table S12 for raw counts). First, we utilized the non-redundant motif collections in a 'general asymmetry test' to assess whether the regulatory elements change rates have a general difference between DEAB and non-DEAB genes ( Figure S9a) . Wilcoxon P-values were significant for both DEAB gene groups (development and cold stress), independent of motif finding and similarity thresholds (Table S11 ; t-test P-values were significant only for some motif finding settings). We additionally tested nonredundant subsets of DAP-Seq motifs with extended 750-bp promoters, which resulted in the same observations. Next, for each collection, we selected motifs that exhibited promoter asymmetry between descendant subgenomes (using Fisher's exact test for DEAB versus non-DEAB genes and correction for multiple tested motifs for each motif collection separately; see scheme in Figure S9b) . FDR correction for multiple testing was used for AthaMap, JASPAR and AtcisDB motif collections. DAP-Seq motif collection was very redundant as it contained many similar motifs for transcription factors from each particular family and multiple motifs per single transcription factor, thus it was not trivial to correct for multiple testing. To be on the safe side we used the Bonferroni correction for the number of transcription factors (534 TFs). For the motifs that were significantly more asymmetric in DEAB versus non-DEAB promoters of descendant subgenomes we plotted normalized rates of asymmetry and symmetry gain and loss. The raw data for all significant motifs (corrected P-value <0.05) are listed in Table S12 . The normalized DEAB/non-DEAB rates are shown in Figure S7 for all the tested motif collections (motif P-value = 0.0005 for JASPAR, AthaMAP and DAP-Seq).
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